Introduction
In the past few decades, signs of an evolving climate were discussed among the scientific community. While a couple of years ago, the subject of climate changes did not make a full consensus, it is now difficult to deny the various proofs of climate change around the globe (IPCC 2013) . The obvious changes in climate are usually associated with the beginning of the industrial era. This period is characterized by a massive increase in emissions of greenhouse gases such as CO 2 , CH 4 and NO 2 . Indeed, the warming observed from the mid-20 th century is unequivocal and IPCC (2013) states that it is extremely likely that human influence is the dominant cause of that warming. Climate change also manifest as increases in ocean temperatures, an increase of sea level and a decrease of sea ice extent. Global warming also affects frozen ground, as permafrost temperature increases of up to 3°C in parts of Northern Alaska between the mid-1980s and mid-2000s were documented (IPCC 2013) . Moreover, nonuniform changing pattern regarding the precipitation regimes were observed all over the globe (IPCC 2013) . The work of Collins et al. (2013) states that warming is likely to continue over the 21 st century if greenhouse emissions associated with human activity continue to rise. The projected increase by the end of the century is expected to reach 1.8 to 3.8 °C depending on the emission trend considered. The warming may, however, not be uniform all over the globe (Maloney et al. 2014) , with greater changes expected at higher latitudes.
When it comes to pavement performance, the temperature is among the most influential factors associated with climate to consider (Byram et al. 2012) , and its variation is among the most probable climate variations for future climates (Emery 2010). Climate change is likely to influence pavement performance and response in many ways., The main manifestations of its D r a f t effect are rutting, longitudinal cracking, fatigue cracking, transverse cracking or roughness (Tighe et al. 2008; Kim et al. 2005; Graves et al. 2006; Dawson 2010; Carrera et al. 2009 ). In
North America, climate changes are expected to be more significant during the winter period (Desjarlais et al. 2010; Thiam 2014; Perron Drolet 2015; Emery 2010) . Increase of temperature, precipitation and number of winter partial thaws is the effect of climate change expected to occur in the winter period (Chaumont and Brown 2010; Logan et al. 2011) . Moreover, climate change will also have a significant effect on the length of the freezing season (decrease) or even on the number of days to reach a critical freezing index (increase) (Mills et al. 2009 ). The research work of Logan et al. (2011 ), Emery (2010 , Dawson (2010) and Chaumont and Brown (2010) showed that future climate conditions will likely be associated with more frequent freeze-thaw cycles during the winter period.
For many types of engineering projects, climate is an important factor to take into consideration in order to ensure a long-lasting performance. This is the case in pavement engineering, where many climatic data, such as temperatures and moisture, are considered when designing pavement structures (NCHRP 2004; Huang 2004; TAC 1997) . In northern countries, air temperature is essential to quantify the length and severity of the winter period. This is usually done using the air-freezing index FI a which, expressed in °C*day, represents the sum of the average daily temperatures throughout the sub-zero time period, or the average temperature of the freezing period multiplied by the length of the freezing period (Doré and Zubeck 2009).
Many design methods use this parameter for frost protection of pavement structures. The frost protection principles are usually based on the limitation of frost action in the most frost sensitive component of the pavement system, the subgrade soil. Frost heaving problems are likely to occur if the subgrade is frost sensitive and if water is available in the system; soils are D r a f t considered to have low sensitivity to frost action if the degree of saturation is below 70% (Konrad and Roy 2000) . The thickening of the pavement structure is the most common way to protect the subgrade against frost action. Frost penetration is then be affected by the thermal properties of the pavement materials, which are influenced by mineralogy, water content and density among other things (Kersten 1949; Côté and Konrad 2005) . When severe frost heaving and/or significant differential frost heaving are anticipated, pavement insulation is an interesting solutions to counter frost action and to prevent heat loss in the pavement system (Doré and Zubeck 2009). Extruded (most common) or expanded polystyrene, lightweight concrete or lightweight aggregate, wood residues and peat, are the most common materials used in pavement insulation layers. When designing an insulated pavement, the designer must take into account the low stiffness of the insulation layer, its thermal effectiveness, the risk of differential icing at the pavement surface and thedifferential behaviour at the end of the insulated areas.
In Quebec, frost protection design method is an important part of the flexible pavement design procedure. Two alternatives are offered in the pavement design method proposed by the Quebec Ministry of Transportation. The first is a minimum thickness design used to ensure that adequate partial protection against frost is obtained through the use of an empirical criterion (Saint-Laurent 2006; Saint-Laurent 2012; Armstrong and Csathy 1963) . This empirical criterion, adapted for the context of Quebec Province, suggests the minimum thickness of the pavement as a function of the normal FI a and other considerations such as pavement functional class and subgrade soil. The empirical partial frost protection allows to determine a pavement structure thickness based on the experience in Canada which suggests that the pavement performance against frost is generally acceptable when a thickness protection corresponding to 50% of the D r a f t typical frost depth is used. The second approach is a mechanistic-empirical design procedure for frost protection that uses the Saarelainen-Konrad method to calculate frost penetration and associated frost heave at a daily time step using iterative calculations (Saarelainen 1992; SaintLaurent 2012; Saarelainen 1992) . At each time step, the heat balance at the frost front and the associated frost heave are calculated. The basic thermal balance equation is defined by [1] in which q -is the heat flux from the frost front towards the surface through the frozen layer, q + is the geothermal heat flux, q f is the heat flux generated by the phase change from water to ice and q s is the additional heat flux induced in the system by the freezing of water that migrates upward due to cryosuction and which feeds the growing ice lenses. Solving this heat balance thermal equation gives the frost penetration at each time step. After each iteration, the frost heave associated with the freezing of a given sublayer is calculated considering the 9% volume increase of water when changing to ice, as well as the heave induced by ice segregation. The latter is obtained from frost heave mechanics theory (Konrad and Roy 2000; Konrad and Morgernstern 1981) and is expressed as [2] in which dh is the frost heave of a sublayer, SP is the segregation potential, GradT -is the thermal gradient of the frozen soil at the segregation front and dt is the time interval. The frost heave calculated for a given winter is then compared to the allowable frost heave, which have been determined based on previous field performance observations. The Finnish Road Administration As air temperatures, and thus the FI a , have a strong influence on pavement performance during the winter period , a question then arises of how to take future winter climate changes into consideration for the determination of this design parameter. The following sections present a method that takes into account climate changes as part of pavement design for frost protection.
Climatic simulations
Climate change predictions were performed by Ouranos, a consortium which specializes in climate science research, to assess the evolution of the air-freezing index ( The simulations were performed and the averages for over 30 years periods were calculated in order to minimize bias and annual variability, as previously described. This period length is considered sufficient to include in the analysis a significant number of abnormal conditions, such as atypically mild winters, the important quantity of liquid precipitations during the winter period, etc. In order to simulate the expected climate for various time horizons, the following D r a f t periods were selected for climatic modelling: 2001-2030, 2011-2040, 2021-2050, 2031-2060, 2041-2070 and 2051-2080 . Depending on various parameters, such as proximity of the sea, altitude, latitude, dominant winds, the climate change predictions are likely to differ depending on the geographical position in the province of Quebec. Therefore, as presented in Figure 1 , the southern part of the Quebec map was divided into 3 different zones, all characterized by an expected evolution of the climate. This division was based on three different documents. 
aspx). The second document is the map of the historical air-freezing index over
Quebec's territory, currently used for flexible pavement design at MTQ. This map clearly shows a northwest-southeast gradient of the index over the province, and a northeast-southwest gradient with respect to the St-Lawrence River (Ladanyi 1996) . The third document was based on the study of Chaumont and Brown (2010) is similar in zone 1 and zone 2, but the northern zone (zone 3) is more likely to be subjected to more significant climate changes during winter, as proposed by Desjarlais et al. (2010) .
Effect of decreasing FI a with climatic horizon
The evolving FI a was used as an input for pavement design for the purpose of this project. The flexible pavement design software used in Quebec, CHAUSSEE 2, allows structural calculations using the AASHTO empirical method (AASHTO 1993) and uses the combined Saarelainen-Konrad method to calculate frost penetration and corresponding frost heave with an iterative thermal balance calculation at the frost front. A minimum frost protection is also ensured using an empirical criteria. First, the software was used to calculate a reference structure for the year 2010. The FI a was adjusted for the year 2010 using the FI a of each zone and the decreasing rates classes (national, regional and local) and three type of soils (Low plasticity clay -CL, Silty sand -SM and Silty/Clayey gravel -GC-GM) were considered for each zone, as presented in Table 2 and   Table 3 . Table 2 presents the main characteristics of each pavement class, while the main soil parameters used as inputs in the design method are presented in Table 3 . The following are found among the data presented in Table 3 : the effective resilient modulus (Mreff), the segregation potential for the no vertical stress condition (SP 0 ), the coefficient of sensitivity to vertical stress for the segregation potential (a), the dry density (ρ d ), the frozen thermal conductivity (k f ), the degree of saturation (Sr) and the latent heat of fusion for the soil (L f ). Since, as mentioned previously, the climate is evolving for the simulations presented in this Figure 3 presents the calculated frost penetration (X), frost heave (h) and ΔIRI with respect to time for the CL soil example. It can be observed that the decreasing FI a is associated with decreasing frost penetration, frost heave and ΔIRI. This information is noteworthy, as it implies that the effect of climate change will likely cause an overdesign of flexible pavement structures against frost action over time. This is explained by the fact that the pavement design process is usually based on historical climatic conditions, which are likely to evolve from the moment the pavement is built.
Adjusted air freezing index
Because of the evolving climate, it was proposed to modify the design FI a to take into account the future climate changes that will likely occur during the selected design period, which is a function of the pavement classification. As the design year FI a may not be representative of the average climatic conditions that will likely occur during the design period n, an adjusted FI a , identified as FI a-adj , was proposed. This value of FI a-adj is the FI a that occurs in the middle of the design period (n/2). It is expressed as D r a f t [4] in which FI a-ref is the air freezing index of the reference period, ΔFI a is the variation of the air freezing index, Y ini is the design year, Y ref is the reference year, n is the design period and m is the slope of the variation of FI a with respect to time. Figure 4 presents the calculation and the approach proposed to calculate FI a-adj . This adjustment method for the air freezing index was used to determine a new pavement design using the FI a-adj as an input for the design procedure.
This is likely to reduce the thickness of the frost protection layer for some of the cases considered. Table 5 show that significant savings can be obtained for pavements built on frost susceptible soils. In the case of pavements built on clayey subgrade soil, the thickness of the subgrade layer can . For the other soil types less sensitive to frost action, it is generally observed that no cost savings are achieved because the frost heave is always below the allowable limit for each pavement functional class. The thickness of the subbase in these cases is fixed at a minimum value of 300 mm according to the requirements of the Ministry of Transportation of Quebec. However, some cost savings can be made for the SM soils in zone 3 because of the higher air freezing index. Nevertheless, the benefits in this case are the lowest encountered among the others considered.
Assessment of the economy of granular materials

Assessment of the relative damage
In order to verify the reliability of the proposed approach to adjust the air freezing index in terms of pavement performance, a comparative analysis of pavement deterioration (assessed in terms of road roughness) was carried out between identical pavement structures. This was done using the previously developed relationship between the observed frost heave and the annual roughness deterioration. The pavement structures considered are the same as the ones D r a f t presented in section 3.2, which are the pavements designed with FI a and FI a-adj , respectively. For national roads, the period 2010-2040 was considered, while the period 2010-2035 was considered for regional and local roads (Table 2) . For the pavements designed with FI a-adj , the total damage was obtained from the damage rate, which was determined using the frost heave that occurred in the middle of the design period. This damage rate value was then multiplied by the design life of the pavement structure. Table 6 presents the results of this analysis. In order to validate the proposed correction approach, the ratio between the sum of the roughness damage for the pavement structures designed with FI a and the sum of the roughness damage for the pavement structures designed with FI a-adj was calculated. This ratio is expressed as [5] in which ∑ΔIRI is the sum of roughness damage for the pavements designed with FI a and ∑ΔIRI adj is the sum of roughness damage for the pavements designed with FI a-adj . For adequate interpretation of this analysis, it should be recall that only the pavement structures built on clayey soils and the pavement structure built on an SM subgrade soil show a decreased subbase thickness when the approach for the correction of the air freezing index is used. Ratios lower than 100% are observed for each pavement functional class of the CL subgrade soil. This means that the roughness damage is slightly higher when the FI a-adj is used for the design. The average roughness damage ratio is found to vary between 93.08 and 97.02 for all the zones considered. This is associated with an average total roughness damage of 0.25 m km -1 higher when the FI a-adj
is used; both damages are therefore very similar. The ratio values are generally higher but close to 100% for the pavement structures in which the subbase thickness did not have to be adjusted between methods for considering the air freezing index for the pavement design (SM and GC-GM subgrade soils). This is related to the fact that, for a given total pavement thickness, the frost heave is lower for the cases where FI a-adj is used, as it is a lower value than the FI a . The corresponding damage is therefore lower. When the subbase thickness varies, this variation is likely to have an impact on the calculated roughness damage ratio. Nevertheless, as presented in Table 6 , the calculated roughness damage ratios are all close to 100%, which means that the proposed adjustment method for the air freezing index may be adequate to predict future winter period climate changes. In some cases, the proposed method may lead to some cost benefits associated with a decrease in the subbase thickness.
Conclusion
Climatic data are necessary inputs for adequate pavement design against frost action in northern environments. The air freezing index is extensively used to describe the length and the severity of the winter period. Considering the expected climate changes over the next few decades, which imply evolving climatic data, and the typical service life of flexible pavement structures, the constantly changing air freezing index should be taken into account in the pavement design process. This paper introduced the results of a comprehensive study to 
